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In tro duc tion
Tan gen tially fired fur naces (TFF) are units of poly gon shape with four, six, eight, or more sides. In these fur naces fuel and air are ad mit ted in a tan gen tial man ner from the fur nace sides and the flames are di rected at an imag i nary cir cle in the mid dle of the fur nace [1] [2] [3] [4] . This brings about a vor tex mo tion which would be by it self mov ing up wards. There fore TFF are essen tially vor tex com bus tion units. The size of this vor tex de pends mainly on di men sions of the fur nace. Sta ble burn ing in TFF is achieved by the ar range ment of the burn ers rather than by the in di vid ual burn ers. When a fur nace is fired tan gen tially, each flame im pinges upon the ad ja cent flame, cre at ing a re cir cu lat ing flow and sta bi liz ing the lat ter flame. Hence the pre cise con trol over lo cal air/fuel ra tio is not nec es sary be cause lean or rich zones be come en trained in the vortex and are blended for ef fi cient com bus tion.
In re cent years, TFF have be come more at trac tive in the field of power sta tion fir ing sys tems and other sim i lar ap pli ca tions. They have been used ex ten sively through out the world with wide ap pli ca tions in low and high ca pac ity steam boil ers [4] [5] [6] . These fur naces are quite suit able for many types of fu els in clud ing coal, oil, and gas. Char ac ter is tic fea tures of TFF re fer es pe cially to de sir able mix ing and heat dis tri bu tion in side the fur nace, and low NO x emis sion. Ef fi cient mix ing en sures re li able com bus tion with uni form tem per a ture dis tri bu tion and rel atively high tem per a ture in the core. Con se quently there is uni form heat flux to the fur nace walls. Tan gen tially fired units are cur rently be ing de signed with sin gle or dou ble cham ber fur naces which can be char ac ter ized by square, rect an gle, or poly gon hor i zon tal cross-sec tions. Al though the ap pli ca tion of TFF con tin u ously in creases, they have not yet been ad e quately in ves ti gated. A num ber of tri als have been made; some of them are in tro duced in the fol low ing.
Tong et al. [1, 2] stud ied the ef fect of the imag i nary cir cle di am e ter and the ini tial flow field on the aero dy namic field in a TFF by nu mer i cal sim u la tion and ex per i ments in the cold model. More over, a new kind of grid ar range ment was pro posed in their work in or der to re duce the false dif fu sion at the exit zone of burner. They also stud ied the ef fect of the side sec ond ary air ve loc ity on the aero dy namic field in a TFF both nu mer i cally and ex per i men tally. Zhou et al. [3, 4] pre sented a com pu ta tional study on the op ti mi za tion of the op er at ing con di tions of a full-scale TFF. In a sep a rate work, they pro posed a two-stage sim u la tion method for ob tain ing tem per a ture dis tri bu tion in the fur nace of a tan gen tially fired boiler. El-Mahallawy and his research group [5, 6] in ves ti gated the ef fect of destabilization of the flame of one burner on the other flames in the fur nace. Flow field and ther mal char ac ter is tics of a model TFF un der dif ferent con di tions of burner trip ping were de ter mined. They also stud ied the ef fect of the burn ers' de vi a tion an gle from the fur nace di ag o nals on the fur nace per for mance. Their work rep re sents the most de tailed ref er ence to as sist the de vel op ment and val i da tion of math e mat i cal mod els of TFF. Li et al. [7] com pared NO x emis sion re duc tions with dif fer ent air stag ing tech niques in tangen tially fired boil ers. Zhou et al. [8] pre sented ex per i men tal and nu mer i cal study on the aerody namic field in the up per fur nace of a tan gen tially fired boiler.
The ob jec tive of this work is to ob tain flow pat tern and study its ef fect on NO x emis sion of a square TFF. For this pur pose, four cases with dif fer ent in let air ve loc i ties are stud ied. Combus tion in a nat u ral gas-fired hor i zon tal fur nace with cir cu lar cross-sec tion is sim u lated to ver ify the sim u la tion meth od ol ogy and the so lu tion al go rithm. Re sults are com pared with those of the ex ist ing ref er ences and good agree ment is ob served.
Prob lem spec i fi ca tions
In the pres ent pa per, a sin gle cham ber square TFF has been stud ied. Fur nace ge om e try and di men sions along with the co-or di nate sys tem used are shown in fig. 1 . Side length of the hor i zon tal cross-sec tion square of the fur nace is 850 mm and the height is 1000 mm.The fur nace is sur rounded at all sides by a wa ter-cool ing jacket, so that the fur nace walls are at con stant temper a ture of 350 K. Each of the four sides of the fur nace ac com mo dates a meth ane burner.
The burn ers have been ar ranged in such a way that the imag i nary cir cle di am e ter is 75 mm. All the burn ers are mounted at a dis tance of 370 mm from the bot tom of the fur nace. Flue gases exit through a 50 mm high cy lin dri cal vent of 200 mm di am e ter at the top of the fur -nace. Each burner exit con sists of two co ax ial pipes. The di am e ter of the in ner pipe is 5 mm. Fuel flows through the in ner pipe while air is ad mit ted through the an nu lar gap cre ated by the co ax ial pipes. De tails of a burner out let are given in fig. 2 .
In this work, four dif fer ent cases have been in ves ti gated in or der to un der stand the in flu ence of air ve loc ity at the burner exit on flow pat tern and, in turn, on NO x emis sion of the fur nace. In all cases, fuel type (i. e. meth ane), the over all equiv a lence ra tio (i. e. the ra tio of fuel-to-air to stoichiometric fuel-to-air), flow rates of fuel and air, fuel and air tem per a tures, and fuel ve loc ity at the burner exit stay the same. Burner out let air ve loc ity (and thus outer pipe di am e ter) is the only pa ram e ter that is changed. Re quired data are listed in tab. 1. 
Ta ble 1. Val ues of dif fer ent pa ram e ters in each case

. Furnace geometry and dimensions and the co-ordinate system used (dimensions in mm); (a) 3-D view, (b) side view, (c) top view
Figure 2. Schematic views of a burner exit (dimensions in mm)
Math e mat i cal model
The math e mat i cal model is based on the so lu tion of the gov ern ing equa tions of flow (i. e. mass and mo men tum equa tions), tur bu lence, chem i cal spe cies and en ergy. Then NO x forma tion is pre dicted in a sep a rate step from the so lu tion of NO spe cies trans port equa tion. This is jus ti fied on the grounds that the NO con cen tra tions are very low and have neg li gi ble im pact on the hy dro car bon com bus tion pre dic tion [9, 10] . The tur bu lence model used to de ter mine the tur bu lent vis cos ity is the two-equa tion re al iz able k-e model pro posed by Shih et al. [9] . This model is the most suit able one among the two-equa tion eddy vis cos ity tur bu lence mod els for sim u lat ing gas eous round jets and com bus tion prob lems of the pres ent type [11, 12] . Turbu lence-chem is try in ter ac tion is taken into ac count us ing the eddy-dis si pa tion model. In this model, re ac tion rates are as sumed to be con trolled by tur bu lent mix ing, so ex pen sive Arrhenius chem i cal ki netic cal cu la tions are avoided. The com bus tion is mod eled us ing a global one-step re ac tion mech a nism, as sum ing com plete con ver sion of the fuel to CO 2 and H 2 O. The for ma tion of ther mal NO x is de ter mined by the Zeldovich mech a nism. The prompt NO x con tri bu tion to to tal NO x from sta tion ary combustors is small. How ever, as NO x emissions are re duced to very low lev els by em ploy ing new strat e gies, the rel a tive im por tance of the prompt NO x is ex pected to in crease [7, 13, 14] . In this study, the prompt NO x is also taken into ac count. Since all the above-men tioned gov ern ing equa tions are pre sented in many ref erences (e. g. see [3, 6, 8, 15] ), they are not re viewed here ex cept for NO x for ma tion submodel.
As cited, for ma tion of ther mal NO x is de ter mined by the Zeldovich mech a nism which is a set of highly tem per a ture-de pend ent chem i cal re ac tions. The se quence is com pli cated, but the fol low ing two steps rep re sent the es sen tial fea tures [9] :
These se quences sum to the over all re ac tion of one ni tro gen and one ox y gen mol e cule pro duc ing two ni tric ox ide mol e cules as fol lows:
The net rate of for ma tion of NO via re ac tions (1) and (2) is given by: 
where k f,1 and k f,2 are the rate con stants for the for ward re ac tions 1 and 2, re spec tively, and k r,1 and k r,2 are the cor re spond ing re verse rate con stants. This equa tion is based on the quasi-steady as sump tion ac cord ing to which the rate of con sump tion of free ni tro gen at oms be comes equal to the rate of its for ma tion when there is suf fi cient ox y gen (fuel-lean flame). To solve eq. (4), con cen tra tion of O at oms is re quired in ad di tion to con cen tra tion of sta ble spe cies (i. e. O 2 and N 2 ). In this work, the par tial equi lib rium ap proach is used to de termine the O rad i cal con cen tra tion. This ap proach is an im prove ment to the method sug gested by Zeldovich, namely equi lib rium ap proach. Con cen tra tion of O at oms is ob tained from:
where T is in Kel vin and [O] is in [gmol m -3 ] . The above ex pres sion gen er ally leads to a higher O rad i cal con cen tra tion than the equi lib rium value. In terms of the trans port equa tion for NO, the NO source term due to ther mal NO x mech a nism is:
Here M NO is the mo lec u lar weight of NO and d[NO]/dt is com puted from eq. (4). For ma tion of prompt NO x in volves a com plex se ries of re ac tions and many pos si ble in ter me di ate spe cies. The route now ac cepted is as fol lows [9] :
A num ber of spe cies re sult ing from fuel frag men ta tion have been sug gested as the source of prompt NO x in hy dro car bon flames (e. g. CH, CH 2 , C, and C 2 H), but the ma jor con tribu tion is from CH, and CH 2 via:
The prod ucts of these re ac tions could lead to for ma tion of amines and cyano compounds that sub se quently re act to form NO.
Nu mer i cal so lu tion
The nu mer i cal sim u la tions are car ried out us ing the commer cial flow solver FLUENT 6.2.16 based on the fi nite volume method. All the gov ern ing equa tions are discretized us ing the first-or der up wind scheme. The discretized equa tions are solved us ing the SIMPLE al go rithm. The im plicit and seg regated solver is ap plied for the so lu tion of the sys tem of gov erning equa tions. The com mer cial pack age GAMBIT 2.2.30 was em ployed to gen er ate the ge om e try and mesh for the com pu tational do main. Tet ra he dral/hy brid el e ments are used for meshing the ge om e try. The un struc tured meshes gen er ated for the sim u la tion of the four cases of in ter est (see tab. 1) con sist of 53638 el e ments for case 1, 53707 el e ments for case 2, 54009 el e ments for case 3, and 52646 el e ments for case 4. In or der to ob tain ac cu rate re sults the size of the el e ments is re duced near the noz zles where large gra di ents are ex pected [16] [17] [18] . An exam ple of the gen er ated meshes is shown in fig. 3 . Dif fer ent types of bound ary con di tions are used for dif fer ent zones of the flow do main. Ve loc ity in let bound ary con di tion is used at the fuel and air in lets and pres sure out let bound ary con di tion is used at the fur nace out let. Wall bound ary con di tion with con stant tem per a ture of 350 K and no-slip con di tion is used at the walls.
Re sults and dis cus sion
In or der to ver ify the sim u la tion meth od ol ogy and the so lu tion al go rithm, com bus tion in a nat u ral gas-fired hor i zon tal fur nace with cir cu lar cross-sec tion is sim u lated. Com bus tion cham ber of this fur nace is a cy lin dri cal en clo sure of 293 mm ra dius and 990 mm length. The fuel is in jected from a cen tral noz zle whereas the pri mary air en ters from an an nu lus. The sec ond ary air is in serted ax i ally in the di rec tion of the pri mary air sup ply from a sec ond an nu lus. In let fuel and air both en ter the com bus tion cham ber at 295 K. Fur nace ge om e try and di men sions along with the co-or di nate sys tem used are il lus trated in fig. 4 . In let fuel and air ve loc i ties and other required data are listed in tab. 2. A two--di men sional mesh con sist ing of 3763 quad ri lat eral cells is gen er ated to study the above-men tioned fur nace. A dense grid is care fully as signed around the fur nace cen ter line and near the in lets where large gra di ents are ex pected, to in crease the so lu tion ac cu racy [16] [17] [18] . This is shown in fig. 5 . Re sults are com pared with those of ref er ence [16] and rea son able agree ment is ob served. As a sam ple of the re sults, tem per a ture dis tri bu tion along the fur nace cen terline is pre sented in fig. 6 . No sig nif icant dif fer ence is ob served be tween the tem per a ture pro files pre dicted by the two works. Max i mum tem per a ture on the fur nace cen ter line pre dicted by the pres ent work is a lit tle more than that pre dicted by ref er ence [16] . This is pos si bly at trib uted to the per for mance of the com bus tion model. Ve loc ity vec tors at the burn ers' level (y = 370 mm) are shown in fig. 7 . This fig ure com pares the flow pat tern in the four dif fer ent cases. It can be seen that the clock wise vor tex mo tion in the cen ter of the fur nace be comes stron ger as the burner out let air ve locity in creases. The size of this vor tex is not af fected by the burner exit air veloc ity. Due to mo men tum dif fu sion, the 
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. It can be found out that the max i mum tem per a ture de creases as the burner out let air veloc ity rises. Peak dimensionless tem per a ture is 1.20 in case 1, 1.06 in case 2, 1.05 in case 3, and 1.00 in case 4. It should be re minded that the over all equiv a lence ra tio is kept con stant (see tab. 1). As shown in figs. 9 and 10, tem per a ture dis tri bu tion is more uni form in cases with higher burner exit air ve loc ity. High est-tem per a ture re gions can be ob served in the cen ter of the furnace. Since these re gions are suf fi ciently far from the fur nace walls, ero sion and lo cal over-heating can be min i mized. Con tours of to tal NO con cen tra tion non-dimensionalized by the max i mum NO con cen tra tion in case 4 (i. e. 0.089 ppm) are shown in figs. 11 and 12. Note that the con tour val ues in clude both ther mal and prompt NO. As can be ob served, max i mum dimensionless con cen tra tion of NO is 652.56 in case 1, 43.51 in case 2, 11.99 in case 3, and 1.00 in case 4. Increas ing the burner out let air ve loc ity re duces the peak tem per a ture and brings about a more uni form tem per a ture dis tri bu tion which con sequently re sults in lower NO emis sion, as discussed ear lier. As in di cated in figs. 11 and 12, high con cen tra tions of NO are ob served in the cen ter of the fur nace, es pe cially in re gions with tem per a tures greater than about 1600 K. The rate of heat trans fer to the fur nace walls in the four dif fer ent cases of in ter est is shown in fig.  13 . Heat trans fer rate rises from 50.423 kW in case 1 to 80.264 kW in case 4 as the in let air veloc ity in creases. Fig ure 14 dem on strates the fur nace exit NO con cen tra tion in each case stud ied in this work. Fig ure 14(b) shows the fur nace exit NO con cen tra tion in ppm per megajoule. In re gard to this fig ure it can be found out that the mass-av er aged NO con centra tion at the fur nace out let de creases sig nif icantly when the com bus tion air is ad mit ted with higher ve loc i ties. The fur nace exit NO con cen tra tion falls from 34.235 ppm in case 1 to 0.046 ppm in case 4.
Con clu sions
Flow pat tern and its ef fect on NO x emis sion in a tan gen tially fired sin gle cham ber square fur nace are de ter mined. Four cases with dif fer ent in let air ve loc i ties are in ves ti gated. The over all equiv a lence ra tio, fuel type (i. e. meth ane), flow rates of fuel and air, fuel and air tem pera tures, and fuel ve loc ity at the burn ers' out lets re main un changed in the four cases. Com bus tion in a nat u ral gas-fired hor i zon tal fur nace with cir cu lar cross-sec tion is sim u lated to ver ify the sim u la tion meth od ol ogy and the so lu tion al go rithm. Re sults are com pared with those of the exist ing ref er ences and good agree ment is ob served. Cal cu la tions for the TFF show that while the vor tex cre ated in the cen ter of the fur nace be comes stron ger as the burner out let air ve loc ity increases, its size is not af fected. Ve loc ity mag ni tudes are greatly re duced as the flames reach the cen ter of the fur nace due to mo men tum dif fu sion. Im pinge ment of each flame upon the neighbor ing flame serves to cre ate a vor tex mo tion and thus sta bi lizes the com bus tion. Since highest-tem per a ture re gions in such com bus tion units are suf fi ciently far from the walls, ero sion and lo cal over-heat ing can be min i mized. Cal cu la tions show that higher in let air ve loc i ties lead to more uni form tem per a ture dis tri bu tions with lower peak tem per a tures, which in turn re sult in remark able re duc tion of NO emis sion.
